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ABSTRACT
The heat transport in the solar wind mainly involves the electron strahl population beaming along
the local magnetic field. The rapid non-adiabatic decrease of the heat flux with the collisionless
expansion of the solar wind is believed to be self-consistently controlled by the electron beam-plasma
(or heat-flux) instabilities. However, multiple heat-flux instabilities (HFIs) of different nature are
proposed in the literature, always claiming for relevance in the solar wind conditions and puzzling
over their role in the self-regulation of electron strahl. Present paper describes by comparison the full
spectrum of electromagnetic and electrostatic heat flux instabilities, as prescribed by the kinetic theory
for high beta conditions (βe ≫ 0.1) and different beaming velocities (or drifts) of the strahl (Us). The
parametric study performed here reveals the existence of alternative (complementary) regimes of HFIs,
and provides a detailed characterization of their dominance and interplay. For instance, for βe = 2
and drifts lower than the thermal speed of the strahl (Us/αs < 1) the most probable to develop is
the (parallel) whistler HFI (WHFI), while more energetic beams are susceptible to the oblique WHFI
(for Us/αs & 1), or to the electrostatic instabilities of the electron acoustic and electron beam modes
(for Us/αs >
√
2). These results demonstrate that only a realistic parameterization combined with a
selective spectral analysis may offer plausible explanations for the nature and origin of wave fluctuations
reported by the observations in association with different types of electron strahls, e.g., in the slow or
fast winds, streaming interaction regions and interplanetary shocks.
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1. AN INTRODUCTORY MOTIVATION
The solar wind heat flux is mainly attributed to the
so-called electron strahl or beaming population, which
tend to counteract adiabatic cooling of electrons in the
expanding solar wind (Pilipp et al. 1990; Graham et al.
2017). The strahl is well aligned to the local magnetic
field and less diffuse in the fast winds, and must be
subject to adiabatic focusing when moving into regions
of decreasing magnetic field strength. Contrary to that,
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the observations reveal an important erosion of the
electron strahls, which decline in relative density and
drift, and broaden their pitch-angle distribution with in-
creasing heliocentric distance (Maksimovic et al. 2005;
Pagel et al. 2007; Anderson et al. 2012; Graham et al.
2017; Bercˇicˇ et al. 2019). As binary collisions are
very rare in the hot and dilute solar wind plasma it
is expected that the electron strahl (and implicitly
the heat flux) can be regulated by the self-generated
electron-beam instabilities (Gary & Feldman 1977;
Gary et al. 1999a; Pavan et al. 2013; Shaaban et al.
2018a; Shaaban et al. 2019a; Verscharen et al. 2019).
The resulting wave fluctuations may pitch-angle scatter
beaming electrons, inducing diffusion in velocity space,
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contributing to their relaxation as numerical simulations
confirm (Dum & Nishikawa 1994; Gary & Saito 2007;
Lo´pez et al. 2019a). The implication of self-generated
instabilities can also be confirmed by the observations,
either directly, when theoretical predictions are con-
fronted with the observations of highest temporal reso-
lution enabling to correlate the observed electron beams
with the enhanced wave fluctuations (Wilson III et al.
2010, 2013; Lacombe et al. 2014; Tong et al. 2019a,b),
or, indirectly, from the long-term effects of these fluc-
tuations, which should constrain and keep the electron
strahl properties below thresholds of heat-flux instabil-
ities (Gary et al. 1999a; Bercˇicˇ et al. 2019).
The name of heat-flux instabilities (HFI) has been
adopted in the pioneering works of S. P. Gary (Gary et al.
1975a,b; Gary & Feldman 1977) for the instabilities
driven by the electron beaming population in the so-
lar wind. The core-halo terminology introduced in
these works is based on a dual concept that sepa-
rates the thermal core from the suprathermal elec-
trons, called generically “halo”. This terminology was
clarified later with details from observations, which
make clear distinction between a more diffuse and
less drifting halo, and the strahl or beaming electrons
which carry the main heat-flux and trigger the beam-
ing or heat-flux instabilities (Rosenbauer et al. 1977;
Pilipp et al. 1987; Anderson et al. 2012). At low en-
ergies (< 1 keV) the observed distributions combine
two central components, a relatively dense, (quasi-
)thermal core and a hotter but more tenuous and
diffuse halo, with a field-aligned strahl (Pilipp et al.
1987; Maksimovic et al. 2005; Anderson et al. 2012;
Lazar et al. 2017; Wilson III et al. 2019). The free en-
ergy for the HFI resides mainly in the relative drift of
the strahl, and may be reduced or enhanced by the ad-
ditional contrasts (e.g., density, temperature) between
the strahl (subscript s in the next) and central pop-
ulation (subscript c) incorporating both the core and
halo populations. Early estimations of HFIs have de-
scribed these parameters with typical values measured
in the solar wind, e.g., 0.01 < ns/nc < 0.1 for the
relative density of the strahl, 2 < Us/vA < 50 for the
low and moderate drifts (with Alfve´nd speed vA ≃ Uc),
and 2 < Ts/Tc < 10 for the temperature contrast.
For low-beta plasmas with β¯e = 8pinekB T¯e/B
2
0 6 0.1
(where ne = ncore + nhalo + nstrahl is given by the
number densities of electron populations and T¯e =
(ncoreTcore+nhaloThalo+nstrahlTstrahl)/ne by their tem-
peratures), three distinct instabilities are predicted,
with comparable thresholds for the relative drifts,
see Fig. 5 in Gary et al. (1975b): the low-frequency
Alfve´nic and fast-magnetosonic (FM) modes, propagat-
ing obliquely to the local magnetic field (k × B0 6= 0),
and the parallel whistlers (upper FM branch), known as
the whistler HFI (WHFI). A better distinction between
these instabilities becomes possible for higher betas,
for instance, when 0.1 < β¯e 6 1 the WHFI has typi-
cally the lowest thresholds. This instability involves hot
enough strahls, with thermal speed higher than that
of central population (vs,th > vc,th) and higher than
the drift or beaming speed of the strahl (vs,th > Us).
But for higher drifts, Us > vs,th, the WHFI is inhibited
and linear theory predicts other instabilities, e.g., the
firehose beam or firehose heat flux instability (FHFI),
and the more effective electrostatic (ES) instabilities of
Langmuir modes, electron beam, electron acoustic or
even the ion-acoustic waves (Gary 1978, 1985a,b, 1987).
These modes develop faster along the magnetic field
(k×B0 = 0), and are inhibited by the electron thermal
spread (i.e., with increasing βe).
The complementary regimes of WHF and FH-
FIs have been revisited recently, describing also the
stimulating influence of suprathermal, κ-distributed
electrons on these instabilities (Saeed et al. 2017;
Shaaban et al. 2018a,b). Moreover, recent advanced
modelings in quasilinear theory (Shaaban et al. 2019a;
Verscharen et al. 2019; Shaaban & Lazar 2020) and nu-
merical simulations (Lo´pez et al. 2019a; Lee et al. 2019;
Kuzichev et al. 2019) have shown that WHFI satu-
rates at low-amplitude fluctuations, being unable to
contribute to a fast and complete relaxation of the
strahls. The observations seem to confirm these re-
sults (Tong et al. 2019b,a), which may also explain the
long distance survival of certain electron strahls, much
beyond 1 AU in the heliosphere (Walsh et al. 2013;
Graham et al. 2017).
This inability of WHFI is also often invoked to mo-
tivate the interest for other instabilities, potentially
responsible for a more pronounced relaxation of the
electron strahl (Horaites et al. 2018; Vasko et al. 2019;
Verscharen et al. 2019). However, extended studies of
WHFI (mentioned also here above) have proved that
solar wind satisfies conditions for the WHFI, when this
instability can solely develop, without any interference
of other competitive instabilities. Here we demon-
strate that instabilities of different nature are indeed
predicted by the theory, but for complementary condi-
tions, markedly different than those specific to WHFI.
Our present study covers the full spectrum of frequen-
cies, wave-numbers and propagation angles, providing a
comparative analysis of the (quasi-)parallel, oblique and
highly oblique HFIs predicted for the high beta (β¯e ≫
0.1) regimes. A particular attention is given to the
oblique and highly oblique instabilities (Sentman et al.
31983; Marsch & Chang 1983; Shevchenko & Galinsky
2010; Horaites et al. 2018; Vasko et al. 2019), in an at-
tempt to clarify their nature and link different inter-
pretations already existent in the literature. The re-
sults offer a comprehensive image of the HFIs, enabling
us to distinguish between the unstable regimes, which
reveal either a close interplay of different instabilities,
or a clear dominance of a single well-defined unstable
mode, e.g., the standard (quasi-parallel) WHFI, or the
oblique WHFI (O-WHFI), and the electrostatic HFIs
(ES-HFIs).
These motivations are followed in section 2 by a short
presentation of the kinetic formalism, usually adopted
for characterizing the dispersion and stability of an
electron-proton plasma with two asymmetric counter-
beaming populations of electrons. We introduce the
models for the zero-th order velocity distribution, the
plasma parameterization, which is typical for the high-
beta solar wind conditions, and provide a description of
the numerical solver used to determine the full spectrum
of the unstable solutions. The results are presented in
section 3, with a structured discussion, taking each un-
stable regime in part. Finally, in sections 3.4 and 4 we
formulate a series of clarifying conclusions, which should
help to understand the observations and make realistic
interpretations of HFIs and their implications.
2. DISPERSION AND STABILITY
We consider a collisionless quasi-neutral plasma of
protons and two electron populations, namely, a dense
central or core component (subscript “c”) and a tenuous
strahl (subscript “s”) or beaming population, counter-
drifting along the ambient magnetic field, assumed con-
stant over at least a few maximum wave-lengths of
the instabilities considered here (e.g., Shaaban & Lazar
2020 and references therein)
fe
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where ne ≈ np is the total electron number density, and
nc and ns are the number densities of the core and strahl
populations, respectively, satifying nc + ns = ne. For
both the core (j = c) and strahl (j = s) populations
description is standard, i.e., as drifting bi-Maxwellians
fj(v⊥, v‖) =
pi−3/2
α2⊥jα‖j
exp
{
− v
2
⊥
α2⊥j
− (v‖ − Uj)
2
α2‖j
}
, (2)
where α⊥,‖,j = (2kBT⊥,‖,j/me)
1/2 are components of
thermal velocities perpendicular (⊥) and parallel (‖) to
the background magnetic field, and Uj are drift veloci-
ties, which preserve a zero net current nsUs+ncUc = 0.
Table 1. Plasma parameters used in the present study.
Strahl (s) Core electrons (c) Protons (i)
nj/ni 0.05 0.95 1.0
Tj,‖/Ti,‖ 4.0 1.0 1.0
mj/mi 1/1836 1/1836 1.0
Tj,⊥/Tj,‖ 1.0 1.0 1.0
Note—Other parameters are: ωpe/Ωe = 100, βc =
8pineTc/B
2
0 = 2
Protons are assumed isotropic (Tp⊥ = Tp‖), nondrifting
(Up = 0), and Maxwellian distributed.
We preset the dispersion and stability analysis for the
full wave-vector spectrum of (unstable) plasma modes
propagating at arbitrary angles θ with respect to the
background magnetic field (B0 = B0zˆ). Without loss
of generality the wave-vector k = k⊥xˆ + k‖zˆ is cho-
sen in the x–z plane (k‖ = k cos θ and k⊥ = k sin θ).
Our analysis is based on the kinetic Vlasov-Maxwell
dispersion formalism, as provided by Stix (1992), and
the unstable solutions are found numerically, provid-
ing accurate description for the full spectrum of in-
stabilities (e.g., electrostatic, electromagnetic or hy-
brid), and various regimes of their interplay and dom-
inance. We use a complex root finder based on the
Mu¨ller’s method to locate the solutions of the plasma
dispersion tensor. Solutions provided by this code
have been validated in alternative theories of kinetic
instabilities (Shaaban et al. 2019b; Lo´pez et al. 2019b;
Lazar et al. 2019), and using PIC simulations in the
low and high-frequency regimes, and also for multi-
component plasmas (Lo´pez et al. 2017; Lo´pez & Yoon
2017; Lo´pez et al. 2020; Micera et al. 2020).
As already mentioned, the present study focuses on
the solar wind high plasma beta conditions, i.e., for
βc ≫ 0.1, or more exactly βc & 1, susceptible to various
instabilities combining kinetic and reactive free-energy
effects of plasma particles. Plasma parameters used in
our analysis are tabulated in Table 1, unless otherwise
specified. Note that all these values are relevant for
the solar wind high-beta conditions, approaching aver-
age values reported by the observations, e.g., for the
relative number densities of the strahl and core elec-
trons, e.g., ns/ne = 1− nc/ne = 0.05, temperature con-
trast Ts/Tc = 4, plasma beta βc = 2, frequency ratio
ωpe/|Ωe| = 100 and a realistic electron-proton mass ra-
tio me/mp = 1/1836.
Here we propose a characterization of the heat-flux
instabilities primarily defined by the main plasma
eigen-modes that can be destabilized by the elec-
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Figure 1. Growth rates γ/Ωe (top), and wave-frequency ω/Ωe (bottom), for βc = 2.0 and various drift velocities, Us/vA = 15,
135, 150, and 180.
tron strahl (see the introduction), e.g., (1) fast-
magnetosonic/whistler (FM/W) waves, RH-circular
polarized when propagating in parallel direction, (2)
Alfve´nic modes, LH-circular polarized in parallel direc-
tion, and (3) electrostatic beaming instabilities, which
can couple to the other EM waves via the oblique
modes. High plasma beta (βeff = 8pinekBTeff/B
2
0 =
8pikB(ncTc + nsTs)/B
2
0 = βc + βs > 0.1) electrons
present in the solar wind are expected to excite mod-
erate and high frequency modes of these branches. For
this reason the unstable FM/Wmodes with frequency in
the range Ωp < ωr < |Ωe| will simply be named whistler
heat-flux instabilities (WHFIs), making however distinc-
tion between the (quasi-)parallel and oblique branches
of WHFIs (Gary et al. 1994; Wilson III et al. 2009;
Russell et al. 2009). The instability mechanisms imply-
ing resonant or nonresonant interactions with plasma
particles, especially electrons, may determine linear
couplings (conversions) between different branches of
plasma modes. These aspects will be discussed in the
next, for each case in part.
3. RESULTS
We perform a spectral analysis of the unstable modes
in the (ck/ωpe, θ)−space, where ck/ωpe is wave-number
normalized to the electron inertial length, and θ is the
propagation angle. Upper panels in Figure 1 display the
full range of the growth rates γ/|Ωe| > 0 (color cod-
ded) derived for different drift velocities of the strahl
electrons Us/vA = 15 (left panel), Us/vA = 135 (mid-
dle left), Us/vA = 150 (middle right), Us/vA = 171
(right). The corresponding real frequency ω/|Ωe| > 0
(color codded) is shown in the lower panels of Figure 1.
The Alfve´n speed vA depends only on the ion density
and magnetic field, and provides therefore a (more) neu-
tral normalization, common in the literature. However,
here we will also explicitly compare the drift of electron
strahl Us with the thermal speed of strahl electrons αs,
5which is particularly important in the study of kinetic
instabilities, directly conditioning their thresholds and
dominance regimes, e.g., for the WHFI (Gary 1985b;
Shaaban et al. 2018a) and the electrostatic instabilities
(Gary 1993).
Figure 2. Polarization, Re{i(Ex/Ey)Sign(ωr)}, for the last
two cases in Fig. 1, Us/αs = 1.24 (lef) and Us/αs = 1.41
(right).
3.1. Whistler heat flux instabilities
The left panels in Figure 1 describe the (quasi-)parallel
WHFI (Gary 1985b; Shaaban et al. 2018a,b; Tong et al.
2019b), which is solely predicted for the parameters cho-
sen in this case, i.e., less energetic strahls with a low
drift Us = 15vA = 0.12αs < αs, lower than thermal
speed of the beaming electrons. Although the WHFI
also extends to small oblique angles, the fastest growing
mode propagates in direction parallel to the background
magnetic field, i.e., θ = 0◦. These modes are RH circu-
larly polarized, as showin by the positive polarization
(green) in Figure 2. Here the polarization is defined as
Pol = Re{i(Ex/Ey)Sign(ωr)}, see Gary (1993).
With increasing the drift velocity the growth rate of
the parallel WHFI decreases, see Figure 1, the mid-
dle and right panels, for respectively, Us/αS =1.11,
1.24, and 1.41. Middle-left panels in Figure 1 present
the unstable solutions for higher beaming speeds
Us = 135vA = 1.11αs, exceeding the thermal speed.
The WHFI restrains and in the last case is completely
inhibited, but another faster instability is predicted
for oblique angles of propagation, already in the sec-
ond panel (for Us/αS =1.11). This is an oblique
unstable whistler-like mode, here destabilized as an
oblique WHFI (O-WHFI). The wave frequency dis-
persion (bottom panels) is quite similar for both the
WHFI and O-WHFI. It has specific wave-frequencies
(Ωp < ω < |Ωe|) and wave-numbers, and a RH ellip-
tic positive polarization (for all directions), computed
Figure 3. Transition from the WHFI regime to the
dominance of O-WHFI. Growth rate (top) and polariza-
tion Re{i(Ex/Ey)Sign(ωr)} (bottom) as a function of wave-
number for βc = 8 and various drift velocities. Dotted black
line indicates the contour of minimum polarization (≃ 0.0).
as Re{i(Ex/Ey)Sign(ωr)} and mapped in Figure 2 and
bottom panels of Figure 3. By contrast to the WHFI,
the O-WHFI is purely oblique and may reach much
higher growth rates. In this case maximum growth rates
of the O-WHFI (γmax/Ωe = 1.8 × 10−3) are obtained
for θ = 54.1◦ and ck/ωpe = 0.26. The growth rates of
this instability are markedly enhanced by increasing the
drift velocity. The maximum growth rates of O-WHFI
moves toward higher unstable wave-number and larger
angles of propagation as the drift velocity increases,
γmax/Ωe = 6.9× 10−3 at θ = 60.7◦ and ck/ωpe = 0.3 for
Us/αs = 1.24, and γmax/Ωe = 1.7 × 10−2 at θ = 66.4◦
and ck/ωpe = 0.34 for Us/αs = 1.41.
Figure 3 shows a gradual transition from the regime
of WHFI, predicted to develop in quasi-parallel di-
rections, to the regime dominated by the O-WHFI.
Theoretically, the oblique whistler modes were stud-
ied in different contexts, e.g., driven unstable by
two asymmetric counter-beams of electrons specific
the upstream conditions of the interplanetary shocks
(Sentman et al. 1983; Tokar et al. 1984; Wong & Smith
1994), and to the core-strahl configurations in the fast
winds (Vasko et al. 2019), or in simulations of a prede-
fined low-scale whistler turbulence, where the oblique
whistlers were found able to strongly interact with strahl
electrons, contributing to their pitch-angle and energy
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Figure 4. Electric and magnetic fields of the fastest growing
mode of the O-WHFI, θ = 60.7◦, for the third case in Fig. 1,
Us/αs = 1.24 (Us/vA = 150). Here the directions longitu-
dinal (L) and transverse (T) are defined with respect to the
direction of the wave-number, δEL = (δE ·k)k. Dashed lines
are the fields for the WHFI at θ = 0◦.
scattering (Saito et al. 2008). Typical fluctuations of
oblique whistlers were also reported by the observations
in the magnetosphere during magnetically active peri-
ods (Wilson III et al. 2011), in association with electron
beams in interplanetary high-β shocks (Breneman et al.
2010; Wilson III et al. 2012; Ramı´rez Ve´lez et al. 2012)
and recently, collocated with magnetic field holes in the
outer-corona (Agapitov et al. 2020).
Figure 4 displays the wave-number dispersion of the
electric and magnetic fields perturbed by the O-WHFI,
for the fastest growing mode (θ = 60.7◦) in the third case
(Us/αs = 1.24) in Figure 1. We show the field compo-
nents either in the cartesian (x, y, z) representation (bot-
tom), or with respect to the wave-vector k, the longi-
tudinal (subscript L) or transverse (subscrit T ) compo-
nents (top). Dashed lines show the results for the WHFI
at θ = 0◦, as expected for the transverse electric and
magnetic fields of parallel propagating modes. Based
on this understanding here we find that the O-WHFI is
cumulatively driven by the resonant interactions with
beaming electrons, via Landau and transit time res-
onances of longitudinal (electrostatic) component EL,
Figure 5. Arguments of plasma dispersion functions |ξ(m)s |
(absolute value) quantifying Landau and transit time reso-
nances |ξ(0)s | → 1, and cyclotron resonances |ξ(±1)s | → 1, for
the fastest growing O-WHFI in Figure 1, third panel. The
growth rate is overplotted with a solid red line.
and the anomalous cyclotron resonance of transverse
(electromagnetic) component ET . The wave-particle
resonant mechanisms (Tokar et al. 1984) governing this
instability can be identified following the same wave-
number dispersion of the arguments of plasma dispersion
function (absolute values) |ξ(m)s |, also known as “reso-
nant factors” (Gary et al. 1975b). These arguments are
computed in Figure 5 for the fastest growing O-WHFI,
in the third case in Figure 1 (Us = 1.24αs). The growth
rate is overplotted with a solid red line. Thus, for the
wave-numbers corresponding to the maximum growth
rate both resonance conditions are well satisfied, i.e.,
|ξ(0)s | → 1 involving the Landau and transit time reso-
nances, and |ξ(±1)s | → 1 for the anomalous cyclotron res-
onance. We know already that the anomalous cyclotron
resonance is responsible for the excitation of WHFI, for-
ward propagating modes being overtaken by the strahl
electrons (Tokar et al. 1984; Shaaban et al. 2018a). In
this case it is also expected to dominate the mechanism
driving O-WHFI at low angles of propagation (mainly
involving Ex field component in Figure 4). Instead,
highly oblique whistlers are mainly destabilized by the
interaction of beaming electrons with the electrostatic or
compressive components, through, respectively, a Lan-
dau resonance with Ez (which is minor but increases
with increasing the wave-number in Figure 4, bottom
panels), and a transit time resonance with Bz (which is
not minor and shows the similar enhancement with in-
creasing the wave-number in Figure 4, bottom panels).
For more explanations see Gary et al. (1975b), or the
textbook of Gary (1993) and some references therein.
3.2. Firehose-like instabilities of Alfve´nic waves
7Figure 6. Linear growth rates, γ/Ωe, ω/Ωe, for βc = 2.0,
and drift velocities Us/αs = 1.49 (left) and Us/αs = 2.06
(right).
Another unstable solution obtained for higher drifts,
e.g., the last two cases in Figure 1, for Us/αs = 1.24
and 1.41, is the so-called firehose heat flux instabil-
ity (FHFI). This mode belongs to the Alfve´nic branch,
and in parallel direction it has maximum growth rate
and LH-circular polarization, see also Figures 2 and 3
(Shaaban et al. 2018a,b). The last two columns of pan-
els in Figure 1 show the growth rate (top) and wave-
frequency (bottom) of the FHFI, located in a narrow
interval of low wave-numbers and small real frequency.
Growth rates are in general lower than those of the O-
WHFI, and maximums peak at θ = 0o. New detailed
descriptions of the parallel FHFI, including comparisons
with the WHFI and the effects of suprathermal electrons
present in the solar wind, can be found in Shaaban et al.
(2018a,b). Last panel in Figure 1 (Us/αs = 1.41) shows
the growth rates of FHFI extending to more oblique
angles and overlaping with O-WHFI. However, distinc-
tion can easily be made between the LH-polarization
of FHFI, i.e., negative values in Figure 2 and 3, and
the RH-polarization of the O-WHFI, positive values in
Figure 2 and 3. Moreover, the O-WHFI is by far dom-
inant, exhibiting much higher growth rates than FHFI.
Middle panels in Figure 1 identify with the regime of
dominance of the O-WHFI, when this instability exhibit
growth rates much higher than all the other modes, e.g.,
WHFI or FHFI. However, for higher drifts, e.g., the last
case in Figure 1 (for Us = 1.41αs), the O-WHFI may
be competed by the electrostatic instabilities showing
maximum growth rates for parallel propagation.
3.3. Electrostatic instabilities
The electrostatic (ES) plasma modes are destabilized
when the relative drift of electron strahl is large enough,
e.g., Us > αs, to ensure Landau resonance of elec-
trons satisfying ∂fs/∂v‖ > 0. Thus, the theory pre-
Figure 7. Wave-frequency and growth rate dispersion of
the ES instabilities: EAWs in solid lines and LWs in dashed
lines, for Us/αs = 2.06 (top), and 3.30 (bottom).
dicts a bump-on-tail instability of Langmuir waves for
Us/αs < (ne/ns)
1/3, or a more reactive electron beam
instability (EBI) for Us/αs > (ne/ns)
1/3 (Gary 1993).
For highly contrasting counterbeaming electrons with
Ts > Tc the electron acoustic waves become a normal
mode, that can be destabilized by a relative core-strahl
drift several times higher than thermal speed of the core
electrons (Gary 1987, 1993). The electron beaming in-
stabilities of ES modes were widely invoked in space
plasma applications, to explain, for instance, electron
acoustic emissions detected in the Earth’s bow shock
Lin et al. (1985), radio bursts associated with bump-
on-tail instability of coronal or interplanetary shock-
reflected electrons (Nindos et al. 2008), and broadening
of solar wind strahls by self-generated Langmuir waves
(Pavan et al. 2013) or fast-growing electron beam modes
(An et al. 2017; Lee et al. 2019).
The last case in Figure 1 shows the electron acous-
tic instability (EAI) within built-in panels, with growth
rates peaking at θ = 0o (γmax/Ωe = 1.4 × 10−2) and
competing with those of the O-WHFI. In this case the
drift velocity is Us/α = 1.41 < (ne/ns)
1/3 ≃ 2.71 and
satisfies also conditions for a Langmuir wave instability
(LWI - not shown in Figure 1), but with growth rates
much lower than EAI, as compared in Figure 6. The
first panel in Figure 6 shows the unstable solutions for
a slightly higher drift Us/αs =1.49, with the EAI in
a narrow wavenumber interval but with growth rates
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Figure 8. Maximum growth rate as a function of core plasma beta and beam velocity, βc vs. Us/αs (top panels), and −Uc/vA
and also Us/vA (lower panels). Left panels shows the results for WHFI. Middle panels shows the parallel FHFI. Right panels
shows the O-WHFI
much higher than both the O-WHFI and LWI. Note
also that FHFI extends to even larger angles but maxi-
mum growth rates remain much less than those of the O-
WHFI. The LWI and EAI excite waves with frequencies
close to the electron plasma frequency (ω ∼ ωpe ≃ ωpc),
but the EAI wave-number is one order of magnitude
higher, see Figures 6 and 7.
Figure 7 describes the unstable ES modes for
Us/αs =2.06 (top, the same with the right panel of
Figure 6), and for Us/αs =3.03 (bottom). We show the
wave frequency (left) and imaginary frequency (right)
for various angles of propagation, this time normal-
ized to the electron plasma frequency. It becomes thus
more clear that the fastest growing mode is obtained
at parallel propagation, and characteristic frequencies
are around the electron plasma frequency. These de-
tails enable us to clarify the differences shown by the
peaking growth rates in Figure 6. With increasing the
drift, maximum growth rates remain at (quasi-)parallel
propagation, but extend to lower wave-numbers and
lower frequencies characteristic to the EBI (ωr ≃ kUs).
The most unstable modes result from the interplay of
EAI and EBI at low angles, and EAI remains solely
responsible for lower growth rates obtained at oblique
angles only. Two peaks of the EBI and EAI can be dis-
tinguished in the second case (Us/αs = 3.30) in Figure
7.
From this comparative analysis of the ES instabilities
we can identify the following representative regimes of
HFIs. If the last case in Figure 1 defines the transition
between the O-WHFI and the EAI, for higher drifts in
the first panel of Figure 6 the HFIs are dominated by the
EAI. With the further increase of the drift the second
panel in Figure 6 becomes relevant for another transi-
tory regime from EAI to EBI, while the EBI is expected
to dominate the instability of even higher drifts with
Us/αs > (ne/ns)
1/3 ≃ 2.71, as described in the bottom
panels of Figure 7.
3.4. Drift and beta instability thresholds
In the previous section we have characterized alter-
native regimes of HFIs, as predicted by the theory for
different relative drifts of the electron strahl (satisfying
the zero net-current condition). The parametric analysis
is completed here, with a description of the influence of
electron plasma beta parameter on these regimes, lim-
iting to the high beta conditions (β > 0.1). Such a
general perspective is provided in Figures 8 and 9 by
the contours of maximum growth rates γmax/Ωe, which
9are derived in terms of drift velocities for the strahl (Us)
or core (Uc) and the core plasma beta (βc). Note that
these contours have no information about θ or k, as
they represent the maximum growth rates from the full
spectrum of unstable modes (including all frequencies,
wave-numbers and angles of propagation) obtained for
each combination of drift and beta.
Figure 8 presents contours of maximum growth rates
for the WHFI (left), FHFI (middle) and O-WHFI
(right). These are derived in terms of core plasma
beta and beam velocity, i.e., βc vs. Us/αs (top panels),
and −Uc/vA or Us/vA (lower panels). Top panels de-
scribe the unstable drift regimes and threshold contours
of γmax in terms of αs, usually invoked to delimit the
regimes of WHFI and ES instabilities. Bottom panels
remain relevant for the variation with βc, which de-
pends, implicitly, on the strahl properties (including
αs). Left panels show a non-monotonous variation of
the growth rate of WHFI as a function of the drift ve-
locity, as the growth rate increases and then decreases
with increasing the drift. As a result, the most unstable
solutions of WHFI are located in-between two lower
and upper thresholds, as also found by Shaaban et al.
(2018a,b) for lower βc . 1 plasma conditions.
Complementary to WHFI, for higher drifts the theory
predicts two distinct instabilities. Middle panels of Fig-
ure 8 show the maximum growth rates of FHFI, with
a monotonous variation with the drift velocity, and the
core plasma beta. The maximum growth rate γmax/Ωe
of FHFI increases with the drift velocity, but decreases
as the core plasma beta βc increases (bottom panels).
The most unstable FHFI is located at large Uc and
low βc. Secondly, right panels in Figure 8 show the O-
WHFI, mostly overlapping with the parametric regime
of FHFI, but th O-WHFI exhibit much higher maximum
growth rates than FHFI and WHFI. Similar to FHFI,
the maximum growth rate of the O-WHFI is, in gen-
eral, a monotonous function of the drift velocity and core
plasma beta. The O-WHFI is stimulated by increasing
the drift velocity and decreasing the core plasma beta.
For low beta the most unstable O-WHFI is located at
large drifts, but with increasing the plasma beta this
instability becomes operative for lower drift velocities.
The lowest drifts remain susceptible only to a WHFI.
The alternative regimes of EM instabilities described
in Figure 8 are contrasted in Figure 9 with the very
high growth rates of ES instabilities. In order to do
that, the range of plasma beta is extended to the interval
0.1 ≤ βc ≤ 10, which includes lower beta conditions. For
moderately high values of beta (e.g., βc = 2), WHFI and
O-WHFI are complementary, their regimes, respectively,
at the lowest or higher drifts velocities, being well de-
Figure 9. Maximum growth rate as a function of core
plasma beta and beam velocity, βc vs. Us/αs (top panel),
and −Uc/vA and also Us/vA (lower panel), for all the in-
stabilities discussed, WHFI, FHFI, O-WHFI and EAI (plus
EBI). Dashed white line indicates Us/αs =
√
2.
limited by the lowest contour levels of γmax. For higher
values of βc these two regimes overlap, in-between defin-
ing a transition whereWHFI and O-WHFI interplay and
compete to each other. The lower beta part of the fig-
ure is dominated by the ES instabilities, which involve
the EAI and with increasing the drift the EBI. These
instabilities exhibit very high growth rates, which ex-
plains the abrupt transition to the O-WHFI. These nar-
row conditions marked as threshold white-dashed lines
at about Us/αs ≃
√
2 are characteristic to the interplay
of O-WHFI and EAI described in the last case of Fig-
ure 1. For this range of parameters characteristic to the
solar wind, the growth rate of FHFI is always smaller
than the O-WHFI or EAI, and we could not find any
regime where FHFI can develop.
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4. CONCLUSIONS
We have studied the dispersion and polarization spec-
tra of electron beaming or heat-flux instabilities, show-
ing that under the high-beta solar wind conditions the
nature of these instabilities directly depend on the rel-
ative drift or beaming velocity of electrons. Modelling
solar wind electrons as two counter-beaming Maxwellian
populations, a denser core or central component and a
hotter strahl carrying the heat flux, we obtained the full
spectrum of kinetic instabilities, and examined in terms
of unstable frequencies, growth-rates, wave-numbers and
propagation angles.
The theory predicts three electromagnetic instabili-
ties, namely, the quasi-parallel whistler heat-flux insta-
bility (WHFI), the firehose heat-flux instability (FHFI)
and the oblique WHFI (O-WHFI), and a series of elec-
trostatic instabilities known as the Langmuir wave in-
stability (LWI), the electron acoustic instability (EAI),
or the electron beam instability (EBI). Among these,
we have identified three alternative regimes, each of
them defined by the dominant instability with the high-
est growth rates and implicitly with chances to develop
first. For relatively low drifts of the strahl, Us < αs,
WHFI is the only operative instability. Although this
instability extends to small oblique angles, the maxi-
mum growth rate remains characteristic to the parallel
propagation. For higher drifts the dominance shifts to
the O-WHFI, which is a purely oblique right handed po-
larized whistler-like mode. The mechanisms triggering
this hybrid mode are explained in the previous section.
The growth rate of O-WHFI increases with the drift, and
is in general higher or even much higher than that of the
WHFI. Electrostatic instabilities become representative
for even more energetic strahs, e.g., when βe = 2 and
the drift satisfies Us >
√
2αs. Close to this threshold
we have found the EAI strongly competing with the O-
WHFI, while for slightly higher drifts the growth rates
of EAI become already very large, at least one order
of magnitude higher than that of the O-WHFI. We can
thus conclude stating that a realistic parameterization
combined with a selective spectral analysis is crucial for
understanding the nature and origin of wave fluctuations
reported by the observations in association with differ-
ent types of electron strahls (e.g., in the slow or fast
winds, streaming interaction regions and interplanetary
shocks).
These results were also obtained in the framework
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search Foundation), C14/19/089 (C1 project Internal
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and C 90347 (ESA Prodex). R.A.L thanks the sup-
port of AFOSR grant FA9550-19-1-0384. S.M. Shaa-
ban acknowledges support by a FWO Postdoctoral Fel-
lowship, grant No. 12Z6218N. P.S. Moya is grateful
for the support of KU Leuven BOF Network Fellow-
ship NF/19/001, and ANID Chile through FONDECyT
Grant No. 1191351.
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